Our purpose is to present a broad review about the principles, early history, evolution, applications, and complications of femtosecond lasers used in refractive and nonrefractive corneal surgical procedures. Femtosecond laser technology added not only safety, precision, and reproducibility to established corneal surgical procedures such as laser in situ keratomileusis (LASIK) and astigmatic keratotomy, but it also introduced new promising concepts such as the intrastromal lenticule procedures with refractive lenticule extraction (ReLEx). Over time, the refinements in laser optics and the overall design of femtosecond laser platforms led to it becoming an essential tool for corneal surgeons. In conclusion, femtosecond laser is a heavily utilized tool in refractive and nonrefractive corneal surgical procedures, and further technological advances are likely to expand its applications.
F emtosecond laser (FSL) technology has revolutionized corneal refractive surgery and gained widespread acceptance due to the versatility, precision, reproducibility, and safety of the instruments. 1 Considerable progress has been made in laser optics and the overall design of femtosecond lasers since the U.S. Food and Drug Administration (FDA) approved the IntraLase laser for laser in situ keratomileusis (LASIK) flap creation in January 2000. These early model FSLs served as a foundation for the application of femtosecond technology to many other keratorefractive, therapeutic, and cataract surgery applications.
Flap creation during LASIK remains a major application of FSLs. However, advances in FSL technology have also led to refinement of surgeries previously performed manually, such as astigmatic keratotomy or the promising "all-in-one" refractive lenticule extraction (ReLEx). This paper aims to present a broad review about the principles, history, evolution, applications, and complications of FSLs used in refractive and corneal surgical procedures.
Technical ParameTers
Femtosecond laser is a solid-state photodisruptive laser that operates in the near-infrared (1053 nm) wavelength. To achieve maximum precision of the cuts and minimize collateral damage, allowing its use in transparent corneal tissue, the energy fluence (energy/area) threshold for optical breakdown was lessened by shortening the pulse duration and minimizing the focal spot size of the laser. 2 As power is a function of energy per unit time (P = E/τ), decreasing the time increases the power generated by a given energy, or conversely, decreases the energy needed to create a given effect.
3 Compared with Nd:YAG laser, for example, which operates in a similar wavelength but in the nanosecond (10
) domain, FSL employs a 10 6 times shorter pulse duration (10 −15 of a second) and, consequently, a much lower energy that produces less thermal damage or shock wave transmission to the surrounding tissues. 4 In addition, an increase in the numerical aperture of the focusing optics causes less dispersion and reduces the focal spot size to a few microns. The numerical aperture (NA = W L /f) can be increased by either enlarging the beam diameter (W L ), which is limited by the optical components, laser wavelength, and propagation effects, or decreasing the focal length (f) of the focusing objective, which reduces the working distance of the laser system.
2
The photodisruptive process begins with laser-induced optical breakdown when a strongly focused and short-duration pulse generates a high intensity electric field, causing the formation of a mixture of free electrons and ions that constitutes the plasma state. The hot plasma expands with supersonic velocity and the vaporized tissue forms a cavitation gas bubble comprised mainly of carbon dioxide and water vapor that displaces the surrounding tissue. Although a single pulse has essentially no effect, the contiguous placement of thousands of laser pulses generates a cleavage plane that is delineated by the surgeon by sweeping with a spatula. The laser creates precise cuts within the cornea of almost any conceivable geometry through control of the spot size, spot separation, and the position of the pulses. allows greater spot separation of the laser pulses, whereas in the latter group lower energy is employed and the very small bubbles created require closer spacing of the pulses. In general, the smaller the bubbles, the more precise the cut and smoother the surface generated. The first commercially available device was the 6 kHz IntraLase laser, and the subsequent evolution of the technology through the 10, 15, 30, 60 kHz models (all of them no longer used in the clinical setting), and the 150 kHz model (currently available) led to marked reduction of both the total energy delivered to the cornea, minimizing the level of triggered inflammation and associated complications, and the length of the procedure. 5 The ideal laser system would deliver low energy per pulse, high pulse frequency, a small spot size, and a short procedure time.
Either a flat or curved docking surface is used for corneal FSL lasers, depending on the system. A flat contact surface flattens the cornea into a physically simpler planar shape at the expense of higher levels of suction (although lower than suction with microkeratomes) 6 and a greater elevation in intraocular pressure that causes the vision to temporarily fade and hinders patient fixation. Conversely, a curved contact surface requires lower suction, enabling the patient to maintain fixation while the suction ring is seated and the corneal lamellar cuts are made parallel to the curvature of the applanating lens, which makes it technologically more challenging with suction loss due to patient eye movements more common. 
Fsl-assisted lasiK
Femtosecond lasers have been widely adopted as a better alternative to the creation of flaps in LASIK. Many previous studies have demonstrated their advantages over microkeratomes in decreasing complications (eg, free caps, irregular flaps, decentered flaps, microperforations, epithelial defects, and epithelial ingrowth). 8, 9 Improved flap thickness reproducibility (tighter range of thickness around the mean) 10 and uniformity (planar shape throughout the flap diameter) 11 have also been shown with FSL flaps. Femtosecond laser flaps also produce fewer and more predictable changes in corneal biomechanics 12 and induce less dry eye 10 and corneal aberrations. 13 With femtosecond laser flaps it is possible to customize the diameter, thickness, position and length of the hinge, and the side cut angulation of the flap. Femtosecond lasers also offer the surgeon the opportunity of continuing lamellar flap creation after loss of suction or other interruptions of the original cut, unlike microkeratomes that require immediate postponement of surgery and a change to a surface ablation procedure a few months later. It has been shown that flap formation with FSLs is predominantly associated with keratocyte necrosis due to the direct shock wave of the cavitation bubbles, whereas the predominant mode of cell death triggered with microkeratomes is the gentler and more organized apoptosis triggered by cytokines released from the injured epithelium and tracked into the interface by the microkeratome blade.
11 The explosive release of intracellular contents to the surrounding tissue associated with cell necrosis is a much greater stimulus to inflammatory cell infiltration than the membrane-enclosed remnants of apoptotic cells.
14 The wound healing response is especially prominent at the flap edge because the disruption of both the epithelium and epithelial basement membrane allows epithelium-derived cytokines such as transforming growth factor beta (TGF-β) and platelet-derived growth factor (PDGF) to penetrate into the anterior stroma and drive development of myofibroblasts.
11,15 The generation of myofibroblasts-contractile cells that secrete disorganized extracellular matrix and generate adhesion structures within the surrounding substrate-strengthens the wound and increases the adhesion around the perimeter of the flap, which can make it harder to re-lift FSL flaps for enhancements, especially more than 6 to 12 months after the initial surgery. 15, 16 This was especially true with 6 kHz and 15 kHz IntraLase models but has become less of an issue with later model lasers that use less energy and trigger a milder wound healing response. Conversely, microkeratome flaps can commonly be re-lifted for enhancement even 10 years after the original LASIK surgery due to the greater average flap thickness (providing the surgeon with tissue to grasp) and less adhesion at the flap edge.
Although many surgical complications were reduced with FSLs, other specific complications have emerged, such as vertical gas breakthrough, generation of an opaque bubble layer, rainbow glare, transient light-sensitivity syndrome, and increased corneal backscatter. 17 The majority of these FSL-specific complications are minor and can be easily managed without influencing the outcomes of surgery. Schematic illustrations of (A) the 2 lamellar cuts (anterior and posterior surfaces of the lenticule) in SMILE and (B) a single cut (flap interface) in FSL LASIK. Note that in LASIK, the single FSL cut results in irregularities that match when the flap is replaced as long as it is in its original position. In SMILE, the 2 FSL cuts result in differences between the surfaces once the lenticule is removed. Some of this irregularity is transmitted to the anterior corneal surface.
Fsl-assisted refractive lenticule extraction
Refractive lenticule extraction refers to the creation of an intrastromal lenticule using FSL that is subsequently extracted either through a corneal flap (femtosecond lenticule extraction, FLEx) or through a small peripheral corneal incision (small-incision lenticule extraction, SMILE) to correct refractive errors. The former is most similar to LASIK but with FSL-created lenticule removal instead of excimer laser ablation, whereas in SMILE the lenticule is dissected and extracted without the need for a flap, which purportedly makes it less invasive with theoretical benefits over flap-based procedures. The current review addresses only the SMILE procedure as it is most widely studied and used.
The VisuMax femtosecond laser system is currently the only platform used for SMILE, although this application is under development using other femtosecond laser models. After initial docking, the patient fixates on a blinking target to facilitate centration, suction onto the cornea is obtained, and FSL incisions are performed in 4 sequential steps: (1) creation of the posterior lenticule surface, (2) vertical edge incisions around the perimeter of the lenticule, (3) creation of the anterior lenticule surface, and (4) peripheral corneal incision for lenticule dissection and extraction. 18 A spatula is used to dissect and release residual lenticular adhesions (first within the anterior and then within the posterior lamellar plane) before forceps are used to grasp and extract the intrastromal lenticule. 
19-27
It has been suggested that SMILE has several advantages over FSL LASIK. Improved corneal biomechanical stability is touted as an important advantage of SMILE. Cutting the lenticule in SMILE spares 100−140 µm of the anterior stroma (thought to be the most important portion of the cornea biomechanically), 28 except for the segment where the peripheral corneal incision for lenticule dissection and extraction is made. Theoretically, this could yield better refractive stability and a lower incidence of postoperative corneal ectasia. Several clinical studies 29-33 used either the Ocular Response Analyzer (ORA; Reichert Inc, Depew, NY) or the Corvis ST (Oculus Optikgeräte GmbH, Wetzlar, Germany) to measure biomechanical properties before and after SMILE, LASIK, FLEx, and/or photorefractive keratectomy (PRK). None of these studies, however, found clinically significant biomechanical superiority for SMILE over the other refractive procedures. In addition, there have been several reports of postoperative corneal ectasia after SMILE in eyes with traditional preoperative risk factors for ectasia.
34-37 Thus, it remains to be established whether SMILE has clinically significant biomechanical advantages over LASIK or PRK.
Other potential benefits of SMILE include the following: (1) less dry eye and superior corneal sensitivity due to reduced damage to the anterior corneal nerve plexus, 38-42 (2) lower induction of higher order aberrations compared with FSL LASIK, 20,43 (3) shorter procedure time and lower cost due to use of a single laser platform, (4) elimination of environmental variables due to laser delivery to a closed system, and (5) the possibility of providing corneal tissue to treat ectatic corneas, to treat hyperopia, and to be used in keratophakia procedures.
44-46
Conversely, limitations to SMILE have also been described. The procedure involves the creation of 2 corneal lamellar femtosecond laser cuts (the anterior and posterior surfaces of the extracted lenticule) instead of 1 femtosecond laser cut made in FSL LASIK. Despite the high precision and repeatability of FSL cuts, it is obvious that no 2 femtosecond laser cuts are identical (Fig. 1A) , with imperfections of the cuts always obvious even at the operating microscope level of magnification. In addition, the manual separation of adhesions between the lenticule and the surrounding corneal tissue performed in SMILE produces additional irregularities of the 2 femtosecond laser cut surfaces. When these 2 dissimilar surfaces are opposed, there is resulting irregularity that is at least partially transmitted to the anterior corneal surface.
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In the authors' opinions, this is the source of the delayed visual recovery that has been noted in SMILE compared with LASIK. Stromal remodeling at the site of the opposed irregularities gradually reduces this surface irregularity over time after SMILE surgery. Conversely, in LASIK, where there is a single femtosecond laser cut (Fig. 1B) , any irregularities of the femtosecond laser cut are masked as long as the flap is properly repositioned.
Other disadvantages of SMILE include greater inflammation in some eyes, unsatisfactory preliminary results in the treatment of hyperopia, inability to use cyclotorsion control or eye-tracking technology (especially important when treating high astigmatism errors), no capacity as of yet to apply wavefront analysis of aberrations, and the lack of an established method for retreatment in cases with residual refractive errors (although a procedure termed sub-cap-lenticule-extraction has been recently described).
48
At present, most surgeons performing SMILE use PRK with mitomycin C for retreatments.
Prior studies have demonstrated that SMILE may offer a less favorable astigmatic correction when compared with LASIK.
49-51
Chan et al 49 showed that SMILE provided a suboptimal astigmatic correction compared with standard LASIK in eyes with low and moderate myopic astigmatism, along with a more variable alignment of treatment leading to a lower efficacy by 3 months postoperatively. Zhang et al 50 and Khalifa et al 51 also found the correction of moderate astigmatism after wavefront-guided LASIK to be more accurate than with SMILE. The axis rotation during surgery and the wound healing are suggested as possible causes of the slight myopic residual refractive error affecting the eyes treated with SMILE.
Several specific perioperative complications have been reported with SMILE. These include tears at the incision, perforation of the cap during manipulation with the spatula, difficult lenticule extraction, and even lenticule remnants being left in the interface and causing irregular astigmatism. 52, 53 Other common postoperative complications include stromal haze, epithelial dryness in the early postoperative period, interface inflammation secondary to central epithelial abrasion, and minor interface infiltrates. All these complications, however, tend to have little impact on the final refractive outcome of SMILE if they are managed appropriately.
52,53
Fsl-assisted astigmatic correction
FSL-Assisted Astigmatic Keratotomy
Astigmatic keratotomy (AK) involves placement of either paired or unpaired partial thickness corneal incisions to reduce corneal astigmatism. A coupling phenomenon is seen in which there is flattening of the incised steep meridian accompanied by steepening of the unincised meridian 90 degrees away. 54 The incisions are centered on the steep axis of astigmatism based on topography and/or refraction, and the optical zone, arc length, and depth are determined by nomograms (modified Lindstrom nomogram is the most widely implemented nomogram for planning FSL AK) 55 that predict the amount of overall astigmatism correction. 56 Typically the spherical correction remains unchanged by astigmatic keratotomy.
The precision of AK arc length, depth, and location have been enhanced by FSL compared with manual incisions performed with a blade, although variability in wound healing limits predictability compared with astigmatism correction in LASIK and PRK.
57 Astigmatic keratotomy using FSL is associated with a lower risk of complications such as wound dehiscence, epithelial downgrowth, infection, and unintended full thickness incisions compared with AK incisions made with a blade.
56 Thus, comparative studies have shown that FSL AK yields better visual and astigmatic outcomes with fewer complications than both freehand and mechanized AK techniques used to correct residual postkeratoplasty astigmatism. 57, 58 Astigmatic keratotomy using FSL has been shown to be successful in the management of both regular and irregular residual astigmatism after keratoplasty, 59, 60 although the predictability of the correction correlates better in eyes with lower and orthogonal astigmatism than higher and nonorthogonal astigmatism.
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The incision depth is usually limited to a depth of 75% rather than 90% (used in the correction of naturally occurring astigmatism) of the lowest ultrasonic pachymetric reading obtained at the intended incision site, 56 and incisions are made 1 mm central to the graft-host junction.
More recently, incisions made intrastromally have yielded excellent and stable results for the treatment of low levels of astigmatism-especially for patients with a history of laser refractive surgery who are not candidates for laser enhancement due to concerns about residual stromal thickness. 62 Chan et al 63 showed that combined on-axis phacoemulsification paired with an opposite single intrastromal FSL AK was effective for the treatment of low to moderate corneal astigmatism and, more importantly, the treatment effect was stable over 2 years. Intrastromal AK techniques, along with future work performed to refine nomograms and the use of FSLs with dynamic optical coherence tomography (OCT), will likely broaden the application of FSL AK in the treatment of corneal astigmatism.
FSL-Assisted Wedge-Shaped Resection
The FSL was proposed as a safer alternative to perform corneal wedge resection to correct very high levels of astigmatism (higher than 10 D) that can occur after penetrating keratoplasty. 64 Ghanem et al 64 suggested that FSL allowed easier, more controlled, and more precise excision of tissue to improve the reproducibility and safety of the technique.
Intrastromal Corneal Ring Segments
Intrastromal corneal ring segments (ICRS) are crescentshaped polymethylmethacrylate (PMMA) implants that are inserted into tunnels in the corneal stroma (at approximately 70% depth) to alter the corneal curvature (Fig. 2) . They are believed to have an arc-shortening effect and also to redistribute the peripheral stromal lamellae to produce flattening of the central cornea. 65 Initially, ICRS were developed for the correction of mild to moderate myopia (up to −3.5 D), 66 but they have subsequently been used to delay or prevent corneal grafting in patients with corneal ectasia who have poor best-corrected visual acuity and/or contact lens intolerance without central scarring. 65, 67, 68 Intrastromal tunnels for ICRS may be created either manually with a mechanical spreader or using FSL. Tunnel creation with FSL is typically faster, safer, and more comfortable for the patient and offers more reproducible and accurate tunnel dimensions (width, diameter, and depth). 69 However, studies have shown that ICRS implantation using both mechanical and FSLassisted tunnel creation in patients with either keratoconus or postoperative corneal ectasia provide similar visual and refractive outcomes.
70-72
Fsl-assisted Presbyopic correction
Corneal Inlays
Corneal inlays are inserted into the corneal stroma to correct vision. At present, there are 3 types of corneal inlays that rely on different design principles: (1) altering the index of refraction by the means of a bifocal optic (Flexivue Microlens, Presbia, Los Angeles, CA), (2) changing the central corneal curvature (Raindrop Near Vision Inlay, ReVision Optics, Lake Forest, CA), or (3) increasing depth of focus with small-aperture optics (Kamra Inlay, AcuFocus, Inc, Irvine, CA). 73, 74 The advantages of corneal inlays include the fact that they are "additive" and do not remove tissue (which preserves future options for other refractive corrections), they may be used in the setting of pseudophakia and/or combined with laser refractive surgery, and they can be removed.
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Inlays can be inserted into either FSL-assisted corneal pockets or beneath corneal flaps. Both the Flexivue and Kamra inlays are best placed deep in the cornea (≥220 µm), 73 whereas the Raindrop inlay must be placed in the anterior stroma (130-150 µm) 75 so it can induce a hyperprolate corneal shape. All 3 currently available corneal inlays are implanted in the nondominant eye (ie, the eye set for near vision). Exact positioning and centration on the line of sight is crucial to achieve the best refractive outcome.
Patient satisfaction with spectacle independence and overall vision is significantly increased in eyes with presbyopia, especially in eyes that are emmetropic or hyperopic.
76,77 Based on published reports, corneal inlays yield significant improvements in near and intermediate vision, with only a slight decrease in distance vision. Complaints such as glare and halo, dry eye, and decreased contrast sensitivity are typically mild to moderate and usually well tolerated.
77,78

INTRACOR
The INTRACOR procedure is performed using the Victus FSL system. This procedure compensates for presbyopia by producing a slight central corneal steepening using 5 concentric intrastromal ring cuts. The laser delivery in this procedure is entirely intrastromal and does not impact the epithelium. Thus, the procedure is considered minimally invasive with low risk for infection or the development of corneal opacities. Theoretically, the resulting variable refractive power of the central cornea enhances the depth of focus and improves near vision while maintaining distance vision at nearly the same level of acuity and photopic refraction.
Several studies have been published about monocular treatment of the nondominant eye with INTRACOR.
79-82 Although the uncorrected near visual acuity was improved in each of these studies, a high incidence of loss of corrected distance visual acuity (CDVA)-as high as a loss of 2 lines in 7.1% and 1 line in 21.4% of eyes 79 -remains a concern. This possibility of reduced CDVA, which can be disappointing and disturbing for the patient, underlines the need for careful patient selection, a thorough risk-benefit discussion with the patient, and detailed informed consent. 82 The irreversible character of the procedure should also be considered.
Fsl-assisted cataract surgery
Femtosecond laser technology has been gradually integrated into cataract surgery since 2008. 83 Its use not only added precision and reproducibility to key steps of the procedure, such as the creation of clear corneal incisions, anterior capsulotomy, and lens fragmentation/softening, but also facilitated the correction of small amounts of preoperative corneal astigmatism with limbal relaxing incisions (LRIs) (Fig. 3) . There are several potential benefits of FSL over the conventional manual technique in cataract surgery, although several studies have noted that FSLassisted cataract surgery (FLACS) does not offer superior visual outcomes over standard phacoemulsification cataract surgery.
84-87
However, describing in details this recent and promising application of FSLs is not within the scope of this review.
nonreFracTive corneal aPPlicaTions
Fsl-assisted Keratoplasty
Penetrating Keratoplasty
The goal of FSL-assisted penetrating keratoplasty (PKP) is to create a more stable and predictable wound configuration to accelerate recovery of vision and yield higher optical quality compared with conventional manual blade trephination. 88 A better fit between donor and host due to shaped edges (such as the "tophat," "mushroom," "zigzag," and "Christmas tree" patterns) 89 can lead to better alignment and improved sealing of the incisions, and use of only enough sutures and tension to maintain apposition. Additionally, the larger surface area in the graft-host junction can lead to faster and improved wound healing that enables earlier suture removal. 88 Farid et al 90 first reported that FSL-assisted keratoplasty (FLAK) resulted in faster recovery of CDVA and less induced astigmatism than conventional blade trephination. Levinger et al 91 also found less postoperative astigmatism and a trend toward higher endothelial cell counts in the FLAK group when compared with conventional PKP, although the final CDVA was similar in the 2 groups. Other studies, however, have found no significant difference in the refractive and visual outcomes between the 2 techniques.
92,93 Daniel et al 93 suggested that the applanation step during FLAK might lead to oval trephination apertures, especially in eyes with keratoconus, 94 which might impede proper graft adaptation and result in high corneal astigmatism when the circular graft is trephined from donors without keratoconus.
Lamellar Keratoplasty
Femtosecond laser can produce precise, preprogrammed corneal dissections at a variety of depths that can be a powerful tool in lamellar keratoplasty. The technology has been employed for anterior lamellar keratoplasty, 95 deep anterior lamellar keratoplasty, 96 and deep posterior lamellar keratoplasty 97,98 with promising results. Its use in endothelial keratoplasty has yielded mixed results, 99,100 and further studies are needed to prove its safety and efficacy in endothelial transplantation methods.
Fsl-assisted Pocket creation
Delivering riboflavin solution directly within the cornea through an intrastromal corneal pocket with minimal epithelial surface disturbance has been proposed as an alternative to the standard crosslinking technique. 101 The potential benefits are related to the preservation of the epithelium and include faster reepithelialization and visual rehabilitation, reduced postoperative pain, faster diffusion/soak period, selective crosslinking of the anterior two thirds of the cornea, lower risk of infectious keratitis, and milder corneal wound healing response.
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In one method, FSL was used to create an intrastromal pocket with a nasal hinge at 100-µm corneal depth, 7-mm diameter centered on the pupil, and a 10 arc degrees temporal side cut, which was small enough to generate minimal epithelial disruption and negligible biomechanical effects. 101 The initial clinical results indicated that the FSL pocket technique seemed to be safe and effective in stabilizing keratoconus, 101 although one study found that the biomechanical effect of FSL-assisted corneal crosslinking was only 50% of the standard epithelium-off treatment. 
Fsl-assisted corneal biopsy
Corneal biopsy is indicated in patients with repeatedly culture-negative keratitis that does not respond to empiric broadspectrum antibiotics. Obtaining biopsy specimens manually using a diamond knife, blade, or trephine can be challenging and lead to iatrogenic corneal perforation. Femtosecond laser has been proposed as a safer, more accurate, and minimally invasive method to perform corneal biopsies. 103, 104 Corneal biopsy performed with FSL allows more precise control of the depth of the lamellar cut (reducing the risk of corneal perforation) and precise excision of both clinically infected and adjacent uninfected cornea. Excision using FSL also produces less manipulation and distortion of the excised tissue, which can enhance histopathologic evaluation, and generates a smoother excision that can enhance the wound healing process. 103, 104 The expense and possible inadequate penetration of the laser in areas of dense opacities can be major disadvantages of the procedure. 
